In amyotrophic lateral sclerosis (ALS), mitochondrial dysfunction and oxidative stress form a vicious cycle that promotes neurodegeneration and muscle wasting. To quantify the disease-stage-dependent changes of mitochondrial function and their relationship to the generation of reactive oxygen species (ROS), we generated double transgenic mice (G93A/cpYFP) that carry human ALS mutation SOD1
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A B S T R A C T
In amyotrophic lateral sclerosis (ALS), mitochondrial dysfunction and oxidative stress form a vicious cycle that promotes neurodegeneration and muscle wasting. To quantify the disease-stage-dependent changes of mitochondrial function and their relationship to the generation of reactive oxygen species (ROS), we generated double transgenic mice (G93A/cpYFP) that carry human ALS mutation SOD1
G93A and mt-cpYFP transgenes, in which mt-cpYFP detects dynamic changes of ROS-related mitoflash events at individual mitochondria level. Compared with wild type mice, mitoflash activity in the SOD1 G93A (G93A) mouse muscle showed an increased flashing frequency prior to the onset of ALS symptom (at the age of 2 months), whereas the onset of ALS symptoms (at the age of 4 months) is associated with drastic changes in the kinetics property of mitoflash signal with prolonged full duration at half maximum (FDHM). Elevated levels of cytosolic ROS in skeletal muscle derived from the SOD1 G93A mice were confirmed with fluorescent probes, MitoSOX ™ Red and ROS Brite ™ 570. Immunoblotting analysis of subcellular mitochondrial fractionation of G93A muscle revealed an increased expression level of cyclophilin D (CypD), a regulatory component of the mitochondrial permeability transition pore (mPTP), at the age of 4 months but not at the age of 2 months. Transient overexpressing of SOD1 G93A in skeletal muscle of wild type mice directly promoted mitochondrial ROS production with an enhanced mitoflash activity in the absence of motor neuron axonal withdrawal. Remarkably, the SOD1 G93A -induced mitoflash activity was attenuated by the application of cyclosporine A (CsA), an inhibitor of CypD. Similar to the observation with the SOD1 G93A transgenic mice, an increased expression level of CypD was also detected in skeletal muscle following transient overexpression of SOD1 G93A . Overall, this study reveals a disease-stage-dependent change in mitochondrial function that is associated with CypD-dependent mPTP opening; and the ALS mutation SOD1 G93A directly contributes to mitochondrial dysfunction in the absence of motor neuron axonal withdrawal.
Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive fatal neuromuscular disease characterized by motor neuron death and severe skeletal muscle degeneration. Currently there is no effective treatment. 95% of ALS patients die within 5 years after disease onset [1] . Most ALS cases are sporadic (SALS), with about 10% being familial (FALS). While multiple factors could contribute to SALS, both SALS and FALS manifest similar pathological and clinical phenotypes of neuromuscular degeneration [2] , indicating a common downstream pathological mechanism underlying the disease progression. Despite intensive research efforts, the pathogenic mechanism underlying progressive neuromuscular degeneration in ALS remains largely obscure. Although the death of motor neuron is a pathological hallmark of ALS, defects in other cell types or organs may also actively contribute to ALS disease progression [3] [4] [5] [6] [7] [8] [9] [10] . Skeletal muscle is substantially affected in ALS, as ALS patients experience progressive and severe muscle wasting during the disease progression.
The progressive and severe muscle wasting in ALS certainly contributes to the disease progression and impacts the life quality of patients. Individual muscle fibers communicate with motor neuron at the neuromuscular junction (NMJ), whereas retrograde signals are also conducted from muscle back to motor neuron [11] . While ALS is generally considered as a "dying-back" process of motor neurons [12] [13] [14] , studies from us [5, 8, 9] and other research groups [4, 6] support that muscle appears to be a primary target of ALS, in addition to being a victim of motor neuron axonal withdrawal. Thus, understanding the pathological mechanism of muscle degeneration would provide opportunities to develop potential interventions to sustain muscle function that could constitute an alternative means to alleviate the disease progression and improve the life quality of ALS patients.
Spinal cord and muscle autopsy/biopsy samples derived from both SALS and FALS patients show remarkable mitochondrial defects [15] [16] [17] [18] [19] [20] . Mitochondrial dysfunction is a major player in neuronal degeneration during ALS progression [21] [22] [23] . Mouse models expressing human ALS mutations (e.g., SOD1
G93A ) recapitulate many features of the human disease [24] , and have been widely used to investigate pathogenic mechanisms and preclinical therapies for ALS [21, [25] [26] [27] . Our previous study using the ALS mouse model G93 A established a role for abnormal mitochondrial Ca 2+ signaling in mediating the crosstalk between muscle and neurons during ALS progression [8, 9] . In addition, we have found that skeletal muscle of G93 A mice show abnormal mitochondrial network and reduced dynamics that occur early before the onset of ALS neuromuscular symptoms [5] . Dysfunctional mitochondria are a major source of excessive reactive oxygen species (ROS) production [28] [29] [30] . Oxidative stress is an essential feature of ALS muscle pathology (reviewed by Loeffler et al, 2016) [31] . Oxidative stress caused by excessive mitochondrial ROS production can further exacerbate mitochondrial dysfunction [23] , which could form a vicious cycle promoting muscle wasting in the course of ALS. In the current study, we examined the ROS-related mitochondria dysfunction and the underlying potential molecular mechanism in skeletal muscle derived from the ALS mouse model G93 A at different disease stages.
Methods
Animal models
There are three types of mouse models used in the current study. The ALS transgenic mouse model (SOD1 G93A ) (G93 A) was provided by Dr. Han-Xiang Deng (Northwestern University) [24] . The cpYFP transgenic mouse model with same genetic background as G93 A mice (B6SJL) was produced in our laboratory previously [30] using the same transgene (mt-cpYFP/pUCCAGGS) originally developed by Dr. Heping Cheng's research group [32] . Through cross-breeding G93 A and cpYFP mice, we generated double transgenic mouse model G93 A/cpYFP that carries both SOD1 G93A ALS mutation and mitochondria targeted biosensor mt-cpYFP, which enables recording of the dynamic change of mitoflash activity. The double transgenic mouse model G93A/cp-YFP does not show significant difference in the disease onset and life span, compared with the original ALS G93A mouse model. All experiments were carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. Protocols on the usage of mice were approved by the Institutional Animal Care and Use Committee of Rush University, University of Missouri at Kansas City and Kansas City University of Medicine and Bioscience.
Muscle fiber preparation
Experimental mice were euthanized by CO 2 inhalation followed by cervical dislocation, and the flexor digitorum brevis (FDB) muscles were removed for functional or biochemical studies. Individual FDB muscle fibers were isolated using a collagenase-digestion method described previously [8, 9, 30] . Briefly, FDB muscles were digested in modified Krebs solution (0 Ca 2+ ) containing 0.2% type I Collagenase (Sigma), for 1 h at 37 ⁰C. After digestion, muscles were kept in collagenase-free Krebs solution (with 2 mM Ca 2+ and 10 mM glucose) at 4⁰C, and used for studies within 6 h.
Electroporation and gene expression in FDB muscle of adult mice
The procedure was modified from our previous studies [5, 8] . The anesthetized mice were first injected with 10 μl of 2 mg/ml hyaluronidase in sterile saline at the ventral side of both hind paws through a 29-gauge needle. One hour later, 10-15 μg of plasmid DNA of mt-SOD1 G93A -mCherry, 4mt-SOD1 G93A -GFP, mt-SOD1-mCherry or 4mt-SOD1-GFP [33] in 10 μl of sterile saline were injected at the same site. Fifteen minutes later, two electrodes (gold-plated stainless steel acupuncture needles) were placed at the starting lines of paw and toes, with about 9 mm in between. Twenty pulses of 100 V/cm with 20 ms duration were applied at 1 Hz (ECM 830 Electro Square Porator, BTX Harvard Apparatus). Seven days later, the mouse was euthanized and FDB muscles were removed for functional studies. Red was excited at 514 nm with the fluorescent images collected at 570-600 nm, and ROS Brite ™ 570 was excited at 561 nm with the fluorescent images collected at 570-600 nm. To avoid the artificial biases induced during the recording of images, the conditions for imaging colletion were kept the same between control and experimental groups, including power of the laser used, pin hole and the gain for fluorescence measurement.
ROS level evaluation on live FDB muscle fibers
Confocal imaging of mitoflash (cpYFP) signals and image analysis
Both Zeiss LSM 510 live confocal microscope (Zeiss, Germany) and Leica TCS SP8 confocal microscope were used for imaging cpYFP fluorescence. Images were captured with a 40X, 1.2 NA water immersion objective at a sampling rate of 1 s/frame. The excitation of mtcpYFP was achieved by alternating excitation at 488 nm, and the emission was collected at > 505 nm. Experiments were performed at room temperature (23⁰C). Time-lapse confocal images were analyzed using custom-developed algorisms written in Interactive Data language (IDL) and Image J (NIH) [30, 34] .
Isolation and purification of mitochondrial fraction from skeletal muscle
Crude mitochondrial fractionations from skeletal muscle were first obtained using a modified method previously reported [35, 36] with modifications [30] . Briefly, the FDB muscle was removed from the experimental mouse and placed in ice-cold phosphate-buffered saline (PBS) containing 10 mM EDTA. The muscle was suspended in 10 ml/ gram weight ice-cold homogenization buffer (100 mM sucrose, 10 mM EDTA, 100 mM Tris−HCl, 46 mM KCl, pH 7.4 with 5 mg/ml BSA and proteinase inhibitor (Thermo Fisher)), minced into small pieces and homogenized on ice. The homogenate was centrifuged at 800 g 4°C for 10 min. The supernatant was transferred to a centrifuge tube and centrifuged at 10,000 g 4°C for 10 min. The resulting pellets were collected as the crude mitochondrial fraction. The supernatant was centrifuged at 100,000 g 4°C for 60 min for collection of the cytosolic fraction. The crude mitochondrial fraction was suspended in 1.5 ml 25% nycodenz buffer, layered onto 1.25 ml 30% nycodenz buffer, and overlaid with 1.25 ml 23% nycodenz buffer containing 5 mM Tris, 3 mM KCl, 0.3 mM EDTA, pH7.5. The sample was centrifuged at 52,000 for 90 min at 4°C in a swinging bucket rotor (BECKMAN, SW60 Ti). The mitochondrial fraction was collected from the 25%/30% interface, and suspended in equal volume of homogenization buffer and centrifuged at 10,000 g at 4°C for 10 min. The same step was repeated three times and the final pellet was collected as the pure mitochondrial fraction used for the immunoblotting assay.
Immunoblotting assay
Protein concentrations were determined by BCA protein assay (Thermo Scientific). Equal mass protein samples (10 μg) were subjected to 10% SDS-polyacrylamide gel electrophoresis, transferred to PVDF membrane (MILIPORE), and immunoblotted with primary antibodies. Antibodies used were anti-Cyclophilin D (Abcam, ab110324), 1:1000 dilution; anti−COX-IV (Cell Signaling, 4844S), 1:5000 dilution and anti-GAPDH (Cell signaling, 5174S), 1:10,000 dilution. Results were visualized with ECL reagents (Thermo Scientific). Densitometry evaluation was conducted using ImageJ software (NIH, Bethesda, MD).
Statistics
Numeric data were presented as mean ± S.E. of the independent determinations. Statistical comparisons were done using students t-test for single mean or ANOVA test for multiple means when appropriate. All graphs were plotted in Sigmaplot (Systat Software Inc.) and p < 0.05 was considered as significant.
Results
Elevated ROS production in skeletal muscle of G93A mice
Mitochondria are a main source of ROS production that can lead to oxidative stress in skeletal muscle. We conducted experiments to measure ROS levels in live skeletal muscle derived from G93 A mice at two ages: 2-month old before disease onset and 4-month old after disease onset [24] . Individual flexor digitorum brevis (FDB) muscle fibers isolated from G93A mice and wild type (WT) littermates were first incubated with ROS Brite™ 570 for evaluation of total cytosolic ROS levels. ROS Brite™ 570 is a non-fluorescent cell-permeable reagent and produces bright orange fluorescence upon ROS oxidation. Because this reaction is non-reversible and non-ratiometric, to obtain reliable fluorescent intensity that could be used to compare the total cellular ROS production level among different muscle fibers, we kept the same experimental conditions such as the muscle digestion condition, dye loading and the confocal microscope setting for all experimental groups. As shown in Fig. 1A We further examined whether the increased cellular ROS level in G93 A muscle fibers was related to increased mitochondrial ROS production. MitoSOX™ Red is a fluorogenic dye for highly selective detection of superoxide level in mitochondria. As shown in Fig. 1C and D, the relative fluorescent intensity of MitoSOX™ Red in muscle fibers of G93 A mice is significantly higher when compared with the age controlled WT muscle fibers (2-month G93 A: 96.5 ± 2.6, n = 54 fibers, N = 3 mice; p < 0.01 vs WT: 51.3 ± 7.1, n = 45 fibers, N = 3 mice; 4-month G93 A: 58.7 ± 19.5, n = 34 fibers, N = 3 mice; p < 0.01 vs WT: 30.9 ± 7.7, n=27 fibers, N=3 mice). Our data suggest that skeletal muscle of G93A mice shows elevated level of ROS production. This elevated ROS production occurs early in young G93A mice before disease onset, and mitochondria are likely a major source for this elevated total ROS level in ALS muscle.
Disease stage-dependent changes in mitoflash activity in G93A muscle
Although application of ROS Brite™ 570 and MitoSOX™ Red detected an elevated level of ROS production in skeletal muscle derived from G93 A mice at the age before and after the ALS disease onset, both indicators do not provide quantitative evaluation of the ROS production due to their nature as non-ratiometric dyes. Thus the readout of ROS Brite™ 570 and MitoSOX™ Red did not reveal whether there is a correlation between mitochondrial ROS production and the ALS disease progression. In addition, the signal detected by ROS Brite™ 570 or MitoSOX™ Red is not reversible and will not distinguish dynamic changes of mitochondrial ROS production in live muscle cells.
The mt-cpYFP transgenic mouse model provides a unique opportunity to examine the dynamic changes of ROS-related mitochondrial function, defined as mitoflash in live muscle cells [29, 30, 32, 37, 38] . The mt-cpYFP transgenic mouse model was previously generated in our laboratory [30] . We crossbred the mt-cpYFP mice with the G93 A mice and generated a double transgenic mouse model (G93A/cpYFP). The double transgenic mouse model enabled us to evaluate the dynamic changes of mitoflash signals in live skeletal muscle fibers at different ALS disease stages. Individual FDB muscle fibers were isolated from G93A/cpYFP mice (before and after disease onset) and age controlled WT mice for recording of mitoflash activity. A standard protocol was established to record the mitoflash events in FDB muscle fibers, in which 100 images were taken continuously at a speed of 1 image/sec [30] . The property of mitoflash signal was analyzed using the established software, FlashSniper [34] , to obtain kinetics parameters such as the full duration at half maximum (FDHM), the rising and decay time, and the amplitude of the signal. In addition, the fiber area giving mitoflash signal during the 100-sequential-imaging time period was summed as Total Flash Area. The ratio of Total Flash Area over the whole fiber area named Total Flash Area/Fiber Area was then calculated. Total flash Area/Fiber area provides quantification of the number of mitochondria in a single muscle fiber that are involved in generating mitoflash events, as well as the frequency of the mitoflash events [30] .
Remarkably, the parameters of the mitoflash signal in muscle fibers show disease stage-dependent changes in G93 A muscle. The G93 A mice start to show neuromuscular symptoms around the age of 100 days. Thus, we examined the mitoflash signal in skeletal muscle of G93 A mice at the age of 2-month old (before the disease onset) and 4-month old (after the disease on set). As demonstrated in Fig. 2A1 /2, B1/ 2 and Supplementary data 1 movie 1 and 2), the FDB muscle fibers derived from 2-month old G93 A/cpYFP mice showed an increased mitochondrial mitoflash activity, which was manifested by a significant increase in the mitoflash frequency demonstrated by the ratio of Total Flash Area/Fiber Area as shown in Fig. 2C (2 month old G93 A/cpYFP: 2.3 ± 0.29, n = 80 fibers, N = 5 mice; vs WT/cpYFP: 1.2 ± 0.18, n = 74 fibers, N = 4 mice, p < 0.01), while there was no significant change in the kinetic parameters of the mitoflash signal at this stage. After disease onset, the Total Flash Area/Fiber Area was significantly 
Fig. 2.
Disease-stage-dependent changes in mitoflash activity in G93A muscle. Representative peak intensity map of all mitoflash events detected in 100 sequentially recorded confocal images (1 image/sec) of muscle fibers isolated from the FDB muscles with WT cpYFP (A1), G93A/cpYFP (2-month old) (B1) and G93A/cpYFP (4-month old) (C1). (A2, B2, C2) are the 3D surface plots of (A1, B1, C1). The quantification analysis of the mitoflash for three conditions are illustrated in (D) Total Flash Area/Fiber Area (in 100-sequential-images). (E) FDHM. Note that Total Flash Area/Fiber Area for 2-month old G93A/ cpYFP mice significantly increased compared with the WT cpYFP mice, however there was a significant decrease in 4-month old G93A/ cpYFP mice. While there was no change in FDHM between WT cpYFP and 2-month old G93A/cpYFP mice, there was a drastic increase in FDHM in 4-month old G93 A/cpYFP mice. (n = 36-80 fibers; N = 3-5 mice/experimental group; ** p < 0.01).
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Pharmacological Research 138 (2018) [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] decreased in the skeletal muscle of 4-month old G93 A/cpYFP mice (0.69 ± 0.11, n = 36 fibers, N = 4 mice) p < 0.01 when compared with 2-month old G93A/cpYFP mice (Fig. 2C) . Remarkably, the kinetics of the mitoflash signals were significantly changed in muscle fibers after disease onset. Specifically, the full duration at half maximum (FDHM) elongated almost twice compared to the 2-month old G93 A/cpYFP mice (4-month old G93 A/cpYFP: 33.37 ± 5.33, vs 2-month old G93 A/ cpYFP: 18.28 ± 2.07, p < 0.01; and vs WT/cpYFP: 16.76 ± 1.72, p < 0.01) (Fig. 2D ). There are no significant changes in parameters of mitoflash in WT/cpYFP mice at the age from 2 to 7 months (data not shown). Our data suggest that change in ROS-related mitochondrial function is disease stage-dependent in ALS skeletal muscle.
Disease stage-dependent changes in expression levels of CypD in mitochondria of G93A muscle
Mitochondrial permeability transition pore (mPTP) is a high conductance channel in the inner membrane of mitochondria (IMM) [39, 40] . Uncontrolled opening of mPTP is a key step to promote mitochondrial ROS production [41] . Opening of mPTP is accompanied by the loss of mitochondrial membrane potential and proton gradient across the IMM [42] . It has been shown that mitoflash signal is associated with a transient opening of mPTP in both cardiac and skeletal muscles, as the mitoflash signal is simultaneously coupled with the depolarization of mitochondrial inner membrane [29, 43, 44] .
While the molecular composition of mPTP is still incompletely understood [42, 45] , studies have shown that Cyclophilin D (CypD) promotes the opening of mPTP [46, 47] . Thus, we examined whether CypD expression level in mitochondria of skeletal muscle was altered during ALS disease progression by conducting immunoblotting assay using an anti-CypD antibody. Mitochondria were fractionated and purified from skeletal muscle of G93A mice before (2-month old) and after (4-month old) disease onset, and used for examining the expression level of CypD. We first demonstrated the purity of the mitochondrial fractionations derived from skeletal muscle of the mice. As shown in Fig. 3A , the mitochondrial fractionations isolated from three different mice show positive to mitochondrial protein COX-IV antibody without detectable contamination of cytosolic proteins examined by the cytosolic protein antibody Argo2, while the cytosol portions show positive to Argo2 antibody without detectable contamination of mitochondria. Then the protein expression level of CypD was examined in G93 A muscle before and after ALS disease onset. As shown in Fig. 3B and C , the relative level of CypD in mitochondria in the skeletal muscle of 2-month old mice is not changed compared to age-matched WT mice (WT: 2.07 ± 0.21; G93 A: 1.69 ± 0.11; N = 4 mice, p = 0.148). However, there is a significant increase in mitochondrial CypD level in the skeletal muscle of 4-month old mice compared with age-matched WT (WT: 0.63 ± 0.06; G93A: 1.29 ± 0.14; N=3 mice, p < 0.01) (Fig. 3D and E) . The original images of the immunoblotting analysis were presented in Supplementary data 4 and 5. Together, our data suggest that both CypD expression level in mitochondria and the mitoflash activity in G93 A skeletal muscle show disease stage-dependent changes, suggesting that CypD may play an important role in regulating mitochondrial mPTP opening in muscle wasting during ALS disease progression.
Overexpression of ALS mutation SOD1
G93A in normal skeletal muscle enhanced mitochondrial ROS production During ALS disease progression, skeletal muscle experiences motor neuron axonal withdrawal. Previously we have shown that denervation leads to increased ROS production with enhanced mitoflash activity in skeletal muscle [30] . The observed increase in ROS production in ALS G93A skeletal muscle could be a response of mitochondria to denervation. However, it is not known whether expression of ALS mutation directly promotes mitochondrial ROS production. Accumulation of mutant SOD1 in mitochondria is linked to motor neuron degeneration in ALS cellular and animal models [48, 49] . Our previous study also showed that ALS mutation SOD1 G93A formed protein aggregates inside Y [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] mitochondria when SOD1 G93A was overexpressed in skeletal muscle of normal mice [5] . We reasoned that the ALS mutation SOD1 G93A might promote mitochondrial ROS production in skeletal muscle fibers similar to the nerve cells. Mitochondria targeted ALS mutation mt-SOD1 G93A -GFP was transfected to the FDB muscle of a normal mouse in one hind limb through the electroporation procedure. The wild type SOD1 (mt-SOD1-GFP) was transfected in the FDB muscle of the same mouse in another hind limb as a control to rule out potential unexpected effects of overexpression of SOD1 and GFP inside mitochondria on the intracellular ROS production. Seven days after electroporation, the FDB muscle was isolated for digestion to obtain individual single muscle fibers for evaluation of the ROS level. Expression of the green fluorescent protein GFP allows identification of the positively transfected muscle fibers. The fibers with similar GFP expression level were selected for the ROS level evaluation. A standard was set as that the expression level of SOD1-GFP should not be less than the expression level of SOD1 G93A -GFP, as illustrated in the representative images of Fig. 4A and C. The total cytosolic ROS production level in transfected muscle fibers was evaluated using ROS Brite ™ 570 (Fig. 4A and B) , and the mitochondrial superoxide production level was evaluated using MitoSOX ™ Red ( Fig. 4C and D) . FDB muscle fibers with overexpression of mt-SOD1 G93A -GFP showed elevated fluorescence intensity of ROS Brite ™ 570 (4mt-SOD1 G93A -GFP: 70.4 ± 4.6, n = 27 fibers, N = 3 mice vs. mt-SOD1-GFP: 45.3 ± 3.8, n = 27 fibers, N = 3 mice; p < 0.01) and MitoSOX ™ Red (mt-SOD1 G93A -GFP: 75.8 ± 9.5, n = 31 fibers, N = 3 mice vs. mt-SOD1-GFP: 30.7 ± 5.9, n = 20 fibers, N = 3 mice; p < 0.01). Our data suggest that overexpression of ALS mutation in skeletal muscle leads to enhanced intracellular ROS production, and mitochondria are likely the target of ALS mutation and become a major source for generating excessive ROS.
G93A in normal skeletal muscle promoted mitoflash activity that was attenuated by the application of cyclosporine A (CsA)
To examine whether ALS mutation SOD1 G93A has a direct impact on the mitoflash activity, mitochondria targeted ALS mutation mt-SOD1 G93A -mCherry was transfected in one of the FDB muscles of the cp-YFP transgenic mouse, while mt-SOD1-mCherry was transfected in the another FDB muscle of the same mouse as a control. The emission wavelength of mCherry has limited overlap with that of cpYFP. In addition, the red fluorescence of mCherry allowed identification of positively transfected FDB muscle fibers (see Fig. 6C ). Seven days after electroporation, FDB muscles were isolated for preparation of individual muscle fibers. The muscle fibers identified with mCherry overexpression were used for mitoflash recording. As shown in the representative images in Fig. 5A (a1, a2) and Supplemental Data 2 (movie 3), more regions in the muscle fiber with mt-SOD1 G93A -mCherry overexpression showed mitoflash signal during the 100 s recording time period when compared with fibers with mt-SOD1-mCherry overexpression ( Fig. 5B(b1, b2) and Supplemental Data 2 (movie 4)), indicating an increased frequency of mitoflash activity in muscle fibers with overexpression of the ALS mutation. Indeed, the Total Flash Area/Fiber Area is enhanced in the fibers with mt-SOD1 G93A -mCherry overexpression (Fig. 5C , mt-SOD1 G93A -mCherry: 5.28 ± 1.19, n = 14 fibers, N = 3 mice vs. mt-SOD1-mCherry: 0.12 ± 0.03, n = 14 fibers, N = 3 mice; p < 0.01). In addition, the full duration of half maximal (FDHM) was also significantly elongated in fibers with mt-SOD1 G93A -mCherry overexpression (Fig.  5D , mt-SOD1 G93A -mCherry:
10.88 ± 2.18, n = 14 fibers, N = 3 mice vs. mt-SOD1-mCherry: 6.72 ± 0.99, n = 14 fibers, N = 3 mice; p < 0.05). Mitoflash signal is associated with a transient opening of mPTP in both cardiac and skeletal muscles [29, 30, 43] . We previously have shown that the enhanced mitoflash activity in denervated muscle fibers can be attenuated by the application of cyclosporin (CsA) 30], an established inhibitor of mitochondrial transition pore (mPTP) opening via -GFP overexpression significantly increased the total ROS production level (B) and the mitochondrial superoxide production level (D) when compared with those muscle fibers with WT mt-SOD1-GFP overexpression. (n = 27-31 fibers; N = 3 mice; **p < 0.01).
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Pharmacological Research 138 (2018) [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] inhibition of cyclophilin D (CypD) [46, 47, [50] [51] [52] , [53] . Here we examined whether ALS mutation-induced mitoflash signal could be inhibited by CsA. mt-cpYFP muscle fibers with overexpression of mt-SOD1 G93A -mCherry or mt-SOD1-mCherry were incubated with 1 μM
CsA for 30 min prior to imaging. Supplemental data 3 (Movie 5) and Fig. 5A(a3, a4) show representative images of SOD1 G93A -mCherry muscle fiber treated with CsA. The mt-SOD1-mCherry control fiber treated with CsA was shown in Supplemental data 3 (Movie 6) and Fig. 5A(b3, b4) . The application of CsA reduced the Total Flash Area/ Fiber Area in muscle fibers with mt-SOD1 G93A -mCherry overexpression (5.28 ± 1.19, n = 14 fibers without CsA vs 0.21 ± 0.09, n = 11 fibers with CsA, p < 0.01) (Fig. 5C ). In addition, the mean signal duration FDHM in G93 A-mCherry transfected fibers was also shortened by CsA application (10.88 ± 2.18, n = 14 fibers without CsA vs 6.99 ± 1.76, n = 11 fibers with CsA), although it is not statistically significant (Fig. 5D) . No significant differences were detected in fibers with overexpression of WT control mt-SOD1-mCherry in the presence or absence of CsA application ( Fig. 5C and D) .
Transient overexpression of ALS mutation SOD1
G93A led to increased
CypD expression in skeletal muscle
We further examined whether overexpression of ALS mutation SOD1 G93A in normal muscle fibers could alter the expression level of CypD. For each experimental mouse, one side of the FDB muscle was transfected with mt-SOD1 G93A -mCherry, and another side was transfected with mt-SOD1-mCherry as a control through electroporation. Because of the highly variable transfection efficiency between individual FDB muscles, we examined the CypD expression level by collecting individual live FDB fibers with positive expression of ALS mutation (mt-SOD1G93 A-mCherry) or WT SOD1 (mt-SOD1-mCherry) from digested FDB muscles, in order to avoid the potential biases caused by the inconsistent transfection efficiency on the readout of the immunoblotting analysis. The expression of red fluorescence of mCherry allowed the selection of positively transfected fibers (Fig. 6C ).
Because it is not possible to collect mitochondrial fractionation from such small amount of muscle fibers, we detected the total expression level of CypD in 20 transfected fibers for both conditions at 7 days after transfection. Thus, GAPDH was used as the reference protein.
Interestingly, in the two of three independent experiments, the amount of reference protein GAPDH significantly reduced in muscle fibers with [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] overexpression of the ALS mutation (Fig. 6A , (2) and (3)). This indicates a possible muscle atrophy induced by overexpression of ALS mutation SOD1 G93A . Nevertheless, the relative expression level of CypD/GAPDH in muscle fibers with ALS mutation overexpression is significantly increased (mt-SOD1-mCherry: 1.37 ± 0.30 vs. mt-SOD1 G93A -mCherry: 2.74 ± 0.43; N = 3 mice, p < 0.05) (Fig. 6A, B) .
The original images of the immunoblotting analysis were presented in Supplementary data 6. These data suggest that SOD1 G93A mutation directly leads to CypD-dependent mPTP opening in skeletal muscle fibers, which is associated with the enhanced mitochondrial ROS production and oxidative stress in the ALS muscle.
Discussion
To examine the disease-stage-dependent changes of mitochondrial function in ALS skeletal muscle, we generated double transgenic mouse model (G93 A/cpYFP) that carries human ALS mutation SOD1 G93A and mt-cpYFP transgenes, in which mt-cpYFP detects the dynamic changes of ROS-related mitoflash events at individual mitochondrion level. Through examining live skeletal muscle fibers derived from the ALS mouse model G93 A/cpYFP, we have detected changes in ROS-related mitochondrial function, which is characterized by the different kinetics of mitoflash signals at different disease stages. The altered mitoflash activity is also associated with a changed expression level of CypD in mitochondria in the course of ALS progression, indicating an involvement of mitochondrial mPTP opening in promoting ROS production in ALS muscle. Remarkably, through overexpression of ALS mutation SOD1 G93A in skeletal muscle of normal mice, we found that ALS mutation could directly lead to an enhanced mitochondrial ROS production and mPTP-related mitoflash activity in the absence of motor neuron withdrawal.
Oxidative stress is an essential feature of ALS muscle pathology [31] , while dysfunctional mitochondria are a major source of excessive ROS production [28] [29] [30] . The biochemical study from Halter et al, 2010 has shown an increased amount of ROS in skeletal muscle of SOD1 mutant mice even before motor impairment [54] . In the current study, we detected an increased ROS production level in skeletal muscle of ALS mouse model G93 A by applying fluorescent dyes (ROS Brite ™ and MitoSOX ™ Red) to detecting total cellular ROS and mitochondrial superoxide levels in freshly isolated live muscle fibers. Although both commercially available dyes provided consistent results of elevated ROS level in ALS skeletal muscle, they could not distinguish whether there is any difference in the ROS production during ALS disease progression due to the non-ratiometric measurement of the signal. In order to quantify the disease-stage-dependent changes of mitochondrial function, we generated double transgenic mice (G93A/cpYFP) that carry human ALS mutation SOD1 G93A and mt-cpYFP transgenes. mtcpYFP was first developed by Wang et al (2008) as a mitochondrialtargeted fluorescent protein with its signal associated with ROS production and energy metabolism of individual mitochondrion in live cells [29, 32, 37] . The signal of mt-cpYFP was revealed as transient waves at the level of individual mitochondria, a phenomenon defined as the mitoflash [32] . Using the same transgene we produced mt-cpYFP transgenic mice [30] and crossbred this mouse line with the ALS mouse model G93 A. Remarkably, the mitoflash signal reported by cpYFP in muscle fibers derived from those double transgenic mice (G93 A/ cpYFP) showed disease-stage-dependent features. Before ALS disease onset (2-month old), the total numbers of mitoflash events has doubled compared to the wild type control muscle, indicating a higher frequency of individual mitochondrion to give mitoflash signals. Other kinetic parameters of the mitoflash signal remain the same as the control, indicating there is no change in the kinetics of the mitoflash [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] signal at early stage. However, after disease onset, the duration of mitoflash signal is prolonged. It is very well established that mitoflash activity is dynamically coupled with the mPTP opening in both cardiac and skeletal muscle, because the transient increase in mt-cpYFP fluorescence was always coupled with the depolarization of mitochondrial membrane potential at the same location measured by TMRE during a real time dual recording [29, 43, 44] . The elongated FDHM of mitoflash signal suggests an altered mPTP functional status in skeletal muscle when ALS disease progresses. Published studies have shown that mPTP has two opening states: a low conductance state and a high conductance state [55] . In the low-conductance state, the mPTP has a MW cut-off below 300 Da and only allows passage of small ions including H + and Ca 2+ . Under this condition, mPTP opens transiently without mitochondrial swelling [55, 56] and may have a role in regulation of mitochondrial Ca 2+ level [57] . In the high conductance state, the mPTP displays a much higher cut-off (below 1500 Da) with longer opening, resulting in sustained mitochondrial membrane potential depolarization, mitochondrial swelling/rupture and cell death [55, 56] . It is possible, at early stage, the increased frequency of mitoflash events is only associated with the low-conductance state of the mPTP, while at later stage of ALS, the elongated duration of mitoflash is coupled with the high conductance state of the mPTP. Ca 2+ overload in mitochondria was found in motor neuron [58] . Our previous study also identified mitochondrial Ca 2+ overload in skeletal muscle of SOD1 G93A transgenic mice [8, 9] . At early stage of ALS, the increased frequency of transient mPTP opening could be an adaptive response to help alleviate mitochondrial Ca 2+ overload [59] , which may have some beneficial roles in protection of mitochondria. As the disease progresses to a later stage, the FDHM almost doubled, which suggests an elongated mPTP opening. Thus, functional defects of mitochondria might progress to a state that can no longer be rescued, causing an irreversible opening of the mPTP and cell death in skeletal muscle of G93 A mice at later stage of ALS. It has been shown that CypD promotes mPTP opening [46, 47, 53] . Published studies have shown a strong connection between CypD-related mPTP opening and the mitoflash signal [29, 32, 44, 60] . While no significant change of CypD expression level was detected in the spinal cord of SOD1 G93A transgenic mice [61] , we observed disease-stage-dependent changes of CypD expression in skeletal muscle of SOD1 G93A transgenic mice. G93 A skeletal muscle experiences double insults during ALS progression, including the motor neuron axonal withdrawal and a direct effect of the ALS mutation on skeletal muscle. We previously showed that denervation promoted mitoflash activity in skeletal muscle, which was blocked by the application of CsA [30] . In the current study, we found that ALS mutation SOD1 G93A directly promoted mitoflash activity when the mutated isoform was overexpressed in skeletal muscle of normal mice. This SOD1 G93A -induced mitoflash activity could also be blocked by the application of CsA. Together, our data suggest that an altered mitoflash activity in G93 A muscle is likely CypD-related. Indeed, there is an increased CypD expression level in mitochondrial fraction of skeletal muscle derived from G93 A mice at later stage of the disease. This disease-stage-dependent change of CypD expression level in mitochondria is in line with the disease-stage-dependent change of mitoflash activity. We speculate that increased CypD level in mitochondria of SOD1 G93A muscle may contribute to the elongated and irreversible opening of mPTP at later stage of ALS. Interestingly, there were no detectable changes in CypD level before the disease onset in the G93 A skeletal muscle, although the frequency of the mitoflash signal significantly increased at early stage. We have already shown that both denervation-and ALS mutation-induced mitoflash activity is CypD related. It is not clear how CypD is linked to increased mitoflash frequency without changes in its expression level at early stage of the disease. One possibility could be a functional change in CypD protein, such as a changed phosphorylation status [62] . Studies have shown that ALS-linked mutant SOD1 is recruited to spinal cord mitochondria in ALS murine models [63] [64] [65] [66] [67] . Accumulation of mutant SOD1 in mitochondria was found to be associated with increased oxidative damage and decreased mitochondrial respiratory activity in the spinal cord, although the exact mechanism remains obscure [48, 49] . Previously, we have found that mitochondria in G93 A skeletal muscle show similar abnormal morphology as detected in motor neuron [9] , and ALS mutation SOD1 G93A forms aggregates inside muscle mitochondria [5] . Here, we further discovered that ALS-linked mutation SOD1 G93A directly promoted mitochondrial ROS production in skeletal muscle in the absence of motor neuron axonal withdrawal. Through overexpression of mitochondria targeted SOD1 G93A in skeletal muscle of normal cpYFP transgenic mice, we found that SOD1 G93A directly caused an increased mitoflash activity, which was inhibited by CsA. Remarkably, overexpression of SOD1 G93A in skeletal muscle of normal mice directly increased CypD expression level, indicating that accumulation of protein aggregates of SOD1 G93A inside mitochondria could be a potential trigger for the changes in CypD expression and function. Autophagy targets misfolded proteins and damaged intracellular organelles including mitochondria for lysosomal degradation. We previously demonstrated that SOD1 G93A formed aggregates in mitochondria of skeletal muscle, and this aggregation led to mitochondrial depolarization, disruption of the mitochondrial network and dynamics in skeletal muscle [5] . Remarkably, in an additional study, we found that skeletal muscle of the ALS G93A mice showed a disease-stage-dependent reduction in autophagy capacity [68] that could also contribute to the accumulation of damaged mitochondria and the enhanced CypD level in the later stage of ALS. Based on past and present results, a potential disease-stage-dependent pathologic sequence of muscle degeneration in ALS G93 A mouse model is illustrated in Fig. 7 . At earlier stage, there is less aggregation of mutant SOD1 mutant protein in mitochondria. The increased frequency of mitoflash events may be an early adaptive response of mitochondria, and may have some beneficial role in preserving mitochondrial function. In contrast, after disease onset, the mitoflash activity shows a significant reduction in signal frequency, but with much longer signal duration. This may imply that increased mutant SOD1 aggregation inside mitochondria promotes CypD expression that favorites an irreversible opening status of the mPTP. Thus, mPTP with increased CypD binding may lose the adaptive ability to respond to Ca 2+ overload, and promote more ROS production that form vicious cycles leading to permanent mitochondrial damage and muscle cell degeneration at later stage of the disease. CypD inactivation has shown benefits in protection of mitochondrial function in myopathies and multiple sclerosis [69] [70] [71] . Baines CP et al (2005) generated the CypD (Ppif) null mice that were resistant to mitochondrial swelling and permeability transition [46] . Martin et al (2009) crossed the CypD null mice with ALS G93 A mice and found that deletion of CypD delayed the disease onset and extended survival [61] , while Kim et al (2012) found that CypD ablation completely abolished the phenotypic advantage of G93 A females, with no effect on the disease course of G93 A males [72] . A more comprehensive study from Parone et al (2013) found that elimination of CypD expression in three different SOD1 mutation mouse lines had no beneficial effect on the disease progression and survival, although mitochondrial morphology and function were preserved in the motor neuron of those mice [73] . As discussed in Parone et al (2013) , the divergent outcome of those ALS mice with CypD ablation may be attributable to confounding genetic changes in the CypD-gene-disrupted mouse lines [73] . In addition, as a naturally existing protein, CypD may also play a physiological role in regulating mitochondrial function. Complete ablation of CypD may not necessarily be beneficial for the integrity of mitochondrial or cellular function. In the currently study, we discovered a disease-stage-dependent change in the CypD expression level that was associated with the disease-stage-dependent change in ROS-related mitoflash activity in skeletal muscle mitochondria of ALS G93 A mice. Our result provides additional clues that CypD is likely involved in mitochondrial dysfunction in skeletal muscle during ALS disease progression, and could be a potential therapeutic target for alleviating muscle mitochondrial Y. Xiao et al. Pharmacological Research 138 (2018) [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] dysfunction.
Although mt-cpYFP has been characterized and used as a biomarker of mitochondrial ROS generation [32, 38, 74] , studies have suggested that mitoflash may also report ATP [75] or pH changes of mitochondria [76, 77] . cpYFP likely reports both ROS and pH signal of mitochondria, and is thus a robust indicator for detecting the dynamic status of mitochondrial function [78, 79] . A study by Ding et al indicates that mitoflash represents a dynamic signal of mitochondrial ROS production and energy metabolism [37] . In our recent published study, mitoflash signal served as a unique biosensor that allowed us to discover the early response of mitochondria to denervation, and the role of physiological Ca 2+ transients in maintaining the functional integrity of mitochondria in skeletal muscle [30] . In addition, we used commercially available dyes, MitoSOX ™ Red and ROS Brite ™ 570, as additional fluorescent indicators for monitoring mitochondrial superoxide and total cellular ROS levels. Although, MitoSOX ™ Red and ROS Brite ™ 570 further confirmed the enhanced ROS production in skeletal muscle of ALS mice, they were not able to detect the dynamic changes of mitochondrial ROS production. Thus, cpYFP is a valuable biosensor allowing us to explore the disease-stage-dependent changes of ROS-related mitochondrial function in skeletal muscle of the ALS mouse model. The G93 A/cpYFP double transgenic mouse model could be a unique animal model for testing potential means for ALS treatment, because it can test whether a potential treatment reverses mitochondrial functional status from the later stage to an earlier stage.
Conclusion
In summary, we detected increased mitochondrial ROS levels in live skeletal muscle fibers derived from ALS SOD1 G93A transgenic mice.
Through exploring the mitoflash activity in G93 A/cpYFP double transgenic mice, we demonstrated a disease-stage-dependent change in mPTP-related mitochondrial dysfunction in ALS skeletal muscle. The cpYFP mitoflash signal provides a quantitative biomarker for evaluating ROS-related mitochondrial function in skeletal muscle during ALS disease progression, and the double transgenic mouse model G93 A/cpYFP could provide a unique means for testing the efficacy of potential interventions for treating ALS in future studies. Through overexpression of ALS mutation SOD1 G93A in skeletal muscle of normal cpYFP mice, we determined that SOD1 G93A alone could promote mitochondrial ROS production, which is associated with CypD-related mitochondrial mPTP opening. Future studies are required to explore the molecular mechanism of the underlying effect of ALS mutation on mitochondria through regulating the expression and function of CypD and other possible signaling pathways involved.
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Supplementary material related to this article can be found, in the online version, at doi:https://doi.org/10.1016/j.phrs.2018.09.008. Fig. 7 . Proposed pathologic sequence of muscle degeneration in the ALS mouse model. Before the ALS disease onset, the skeletal muscle of ALS G93 A mice starts to have enhanced mitochondrial ROS production, which could be associated with a transient opening of mPTP. This transient opening of mPTP could be an adaptive response at the early stage of ALS to preserve mitochondrial function for muscle survival. At later stage of ALS, the aggregation of ALS mutation SOD1 G93A inside mitochondria further promotes mitochondrial damage and ROS production that form a vicious cycle. The increased CypD expression level in muscle mitochondria at later stage may play a role in changing the mPTP to an elongated and irreversible status, which leads to irreversible mitochondrial damage and muscle degeneration.
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